A Introduction
Over the past decade, there has been a considerable progress in the synthesis of colloidal inorganic nanocrystals and in their exploitation for applications in various fields, straddling from electronics and optoelectronics 1 to nanomedicine and clinical practice 2 . An interesting development in this direction involves the synthesis of colloidal nanocrystals made of multiple subunits arranged in a controlled topological fashion 3, 4 or self-assembled in cluster-like structures (e.g. of -Fe 2 O 3 , Fe 3 O 4 , PbS, ZnO, TiO 2 etc) [5] [6] [7] [8] [9] . Their synthesis is either the result of direct specific interactions (e.g. van der
Waals attractions, steric repulsions, attractive depletion or capillary forces, Coulomb forces etc.) of their discrete components, or of some external stimulus, such as light, magnetic or electric fields. 10 The coexistence within the same nanoscale entity of distinct material sections, directly interconnected through inorganic interfaces, or secondary structures communicating through strong interactions, enables multifunctionality. This is because coupling between mechanisms is established across the interfaced material domains, 11, 12, 13 while the physical properties may also have a collective nature. 14 Based on these appealing features, such multifunctional systems are promising for technological areas entailing biology and biomedicine. Furthermore, those materials featuring a soft magnetic state in conjunction with some other non-homologous property (e.g. plasmonic or excitonic emission) and with appropriate surface biocompatible coatings, occupy a prominent position in this scenario: 4, 9 they can be exploited for in-vivo biomedical applications, such as magnetically driven contrast enhancement, 15, 16 selective hyperthermia treatment 17 , and even targeted drug delivery 18 .
Specifically, the afore-mentioned iron-oxides based nanomaterials emerge as promising probes in bionanotechnology as they allow for a novel approach to the diagnosis of various diseases with magnetic resonance imaging (MRI) the most common limitations of such systems, originating from the synthesis protocol; as a result, magnetic properties and contrast efficiencies vary from one batch to another. 19, 20 To develop new magnetic compounds for improved MR-based diagnostics, it is desirable to adjust the magnitude of the particle's net magnetic moment μ (because R 2 = 1/T 2  μ 2 , where R 2 is the transverse relaxation rate and T 2 is the spin-spin relaxation time) by controlling the structural characteristics of the nano-object, i.e. the nanoparticle's size, shape, composition and crystallinity. 21 Rapid advances in the chemical routes for the synthesis of size and shape controlled, surface functionalised magnetic nanoparticles, 22 , 23 lead to increased particle magnetizations and enhanced image contrast, preserving biocompatibility at the same time. As individual Superparamagnetic Iron
Oxide Nanocrystals (SPIONs) tend to give relatively low magnetization, 21 to improve the MRI contrast, larger colloidal entities composed of primary nanocrystals (PNCs), which are selfassembled 24 or incorporated into polymer matrices, have been investigated. The latter approach, for instance, entails SPIONs encapsulated in polyacrylamine 25 , silica 26 , phospholipid micelles 27 , block polymers 28 or amphiphilic polymers 29, 30 , while the former assembling approaches lead to efficient "clustering" of individual PNCs, and promote close contact. In turn, this pathway further boosts the magnetization of such nanostructures, while the proximity of nanoparticles within the cluster promotes the coupling of the neighboring magnetic moments and results in a stronger perturbation of the local magnetic field in their vicinity. Indeed, the hydrogen nuclear moments relax faster, leading to a strong contrast in the MRI images. The efficiency of the CNCs as MRI contrast agents was determined by calculating the nuclear longitudinal and transverse relaxivities, r 1 and r 2 respectively, defined as
where (1/T i ) meas is the value measured for the solutions with concentration C (mmol/L) of the magnetic center and (1/T i ) diam represents the nuclear relaxation rate of the diamagnetic host solution, which in our case is water.
The interaction of the cells with the CNCs was evaluated using the live-dead cell staining kit (Biovision). The assay protocol has been described in previous studies. 50, 51 Cell suspension ( The different CNCs concentrations were tested in duplicates in each individual cell culture experiment and these experiments were repeated at least three times. For statistical analysis, the data were subjected to one way ANOVA followed by Tukey tests for multiple comparisons between pairs of means, using commercially available software (SPSS 21, IBM).
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C Results and Discussion
C.1 Morphology and Crystal Structure
Iron-oxide colloidal assemblies with two different sizes were prepared on the basis of a hightemperature wet chemistry polyol pathway. The influence of different synthetic parameters 49 on the structural characteristics of the CNCs were carefully examined in order to attain a significant degree of size/shape homogeneity. 
C.2 Magnetic Properties
In The hysteretic behavior in the temperature dependent zero-field and field-cooled (ZFC-FC) susceptibility (χ) indicates blocked particles below 300 K for both cases (Figure 2a ). Since no obvious difference between the Mossbauer spectra of the dried powder and those of the frozen solutions of the CNCs could be resolved, we conclude that ferrimagnetism of the CNCs can be attributed to intra-cluster dipolar interactions only. Figure   S1 ). In particular, these images depict the healthy fibroblasts (stained green), while dead cells (stained with PI, red) could only rarely be detected even on cell cultures with the highest measured concentration (200 μg/mL Fe) and the large CNCs (Figure 3f ). In summary, fibroblast cells seem to tolerate the CNCs, showing high levels of viability, cell-cell interactions and low levels of toxicity, giving further support towards the potential use of the presently developed nanoarchitectures in MR-based diagnostics.
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C.4 The NMR Relaxation Properties and the Influence of the Intra-cluster Magnetic Material
Volume Fraction.
Let us now examine how the unique magnetostructural attributes of these nanocrystal assemblies can mediate the MR-based properties in view of their perspective imaging capability. The CNCs were shown to be ferrimagnetic, thus they are highly magnetized under an applied magnetic field and, consequently, they induce a substantial local perturbation of the dipolar magnetic field in their vicinity. 21 However, the possible increase of nuclear relaxation rates, giving a better efficiency in contrasting the MRI images, depends also on the dynamic electronic properties of the ensemble. To evaluate the physical properties of the system that influence the nuclear relaxation, we performed proton NMR relaxometry measurements. The longitudinal r 1 and transverse r 2 relaxivities (eq. (1) On the other hand, the transverse r 2 relaxivity, i.e. the crucial relaxivity in T 2 -relaxing materials, is enhanced by a factor 4 (5 for large CNCs) with respect to Endorem  (where r 2 ~ 100 mM -1 s -1 ), over almost all the investigated frequency range (Figure 4b ). It is worth considering that a recent scaling-law approach has shown that the transverse relaxivity depends on three parameters, namely, the hydrodynamic diameter, the magnetization of the whole nanoparticle aggregate and the volume fraction of the magnetic material. 53 In that respect the r 2 values may be predicted by models 16 assuming that the spin-spin relaxation occurs either in the motional averaging regime (MAR), where Δωτ D < 1 or in the static dephasing regime (SDR), where Δωτ D > 5; within the first regime the transverse relaxivity increases with the size, while in the second it remains almost unchanged. 54 To calculate the expected Larmor frequency shift we first estimated the values of the intra-cluster volume fraction, φ intra , resorting to the following relation (refer to S2): (2) where ρ γ-Fe2O3 = 4900 kg/m 3 is the density of bulk maghemite, ρ PAA = 1150 kg/m 3 is the density of the polyacrylic acid, and f mγ-Fe2O3 is the weight fraction of the iron-oxide in a known mass of dried nanocluster powders, estimated from the thermogravimetric (TGA) measurements. 2 Eq. (2) yields φ intra =0.60 and 0.72 for small and large CNCs, respectively.
On the other hand, the Larmor frequency shift is expressed as
where M* V is the normalized magnetization (see Table I The result of eq. (4) suggests that the transverse relaxivity (r 2 ) values for both CNCs samples may be predicted by models assuming that the spin-spin relaxation occurs in the SDR regime. Finally, a justification for the significant (4 to 5 times) increase of r 2 with respect to the one of Endorem  , can be inferred by considering the almost two-times higher volume magnetization in conjunction with the roughly three-times larger intra-cluster volume fraction (Endorem Table 1 ).
The above discussed points suggest that the φ intra parameter has a crucial role in the improvement of the MR properties. Table 1 . Parameters utilized for the calculation of the intra-cluster magnetic material volume fraction and the determination of the transverse relaxivity regime to which CNCs belong. These entail: D hydro , the hydrodynamic diameter of the CNCs; f m γ-Fe2O3 , the weight fraction of the iron-oxide in a known mass of dried nanocluster powder as derived by the thermogravimetric (TGA) measurements; φ intra , the intra-cluster volume fraction of the magnetic material; M S , the saturation magnetization of the CNCs at room temperature; M 
C.5 The CNCs Relaxivities and their Relevance for other Ferrite Nanoachitectures
Two broad categories, depending on the nature of their magnetic state, entailing either superparamagnetic (SPM) or ferrimagnetic (FiM) functional structures, are considered. A clear enhancement of the transverse relaxivity r 2 is presented against individual SPM nanocrystals with different capping agents such as, polymers 19 , dendrons 55 or DHAA 56 . Their size-only dependent relaxivity in the MAR regime renders them less efficient T 2 -relaxation agents compared to the CNCs, whose improved faster reduction of T 2 is determined by the synergetic action of M s , size and φ intra . 53 However, a progressive increase of the size of individual nanoparticles can lead to FiM nanoarchitectures which may provide enhanced relaxivites with the advantages of the SDR regime.
The only FiM systems of large size and enhanced magnetic anisotropy are the iron-oxide nanocubes, with an edge length of 22 nm, encapsulated in PEG-phospholipids, with good colloidal stability; these systems have shown a value r 2 = 761 mM -1 s -1 , higher than our system 57 (see Table   S2 for a more comprehensive comparison).
Alternatively, controlled aggregation of nanoparticles in secondary structures can further boost 19 the relaxivities with an outcome equivalent to the SDR. In this respect, to the best of our knowledge, the only ferrimagnetic secondary structure that has been studied so far for its outstanding visualizing (T 2 -weighted contrast properties) as well as drug-delivering actions, is a newly designed liposome-encapsulated magnetic nanoparticle cluster. 58 This system shows an unprecedented r 2 of 1286 mM -1 s -1 but at a higher magnetic field of 2.35 T, thus leaving the CNCs a valid alternative.
Nevertheless, the strategy to embed nanoparticles in matrices/polymers 44 59 46 , amine 32 , TREG 62 . An exception is the SPM magnetite-based cluster-analogue of higher r 2 relaxivity, which is covered by the same surfactant as ours, but synthesized in an autoclave, through a polyol process for an extended period of time (12 hr). the water protons and the assemblies could occur primarily on their surface. 64 65 A further observation is that, in general, r 2 can be thought to originate from the variation of the diffusion length of the water molecules, relative to the dimensions of the surfactant-coordinated inorganic entities themselves. Then, the r 2 relaxivity is expected to decrease as the molecular weight of the capping agent increases 64 , but this appears not to be the case of our system since the clusters Such a dense surface coverage may impede the penetration ability (diffusivity) of the water molecules. As a consequence, the water-proton nuclear moments are less strongly perturbed by the local magnetic field generated by the inorganic entities at the surface of the nanoclusters themselves and generates a lower r 2 .
Other differences may also be attributed to the likely modification of the chemical bonding (entailing the surface functionalised nanocrystals of the assembly) in the two cases. This bonding can mediate the particles' magnetic anisotropy or even enhance their surface spin disorder, thus having an impact in lowering the relaxivity values 66, 67 .
Conclusions
The suggested colloidal chemistry pathway allows to obtain ferrimagnetic assemblies of crystallographically oriented primary nanocrystals of maghemite. They are not only well-dispersed in aqueous media and have low cytotoxicity, but show an enhanced transverse NMR relaxivity, r 2 .
The results suggest that the pronounced enhancements in the magnitude of r 2 have their origin in the ability to guide the assembly of individual nanocrystals so that they become crystallographically oriented, allowing for an increased magnetic material volume fraction (φ intra ) within the largergrown nanocluster entities. The favourable high intra-cluster volume fraction of the magnetic moments appears to make them efficiently coupled to each other in the CNCs. In turn, this permits a coherent and intense perturbation of the dipolar magnetic field in the near vicinity of the straddling water molecules, a condition that enhances the relaxation of the associated proton nuclear spins. The transverse relaxivity (r 2 ) regime in which the CNCs belong is determined mainly by three quantities, which are material-dependent characteristics, namely: the volume magnetization (M V ), the volume fraction of the magnetic material (φ intra ) and the hydrodynamic size (D).
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The intra-cluster volume fraction (φ intra ; Table S1 ) is calculated by the formula: Based on the magnitude of the parameters derived from equations (3) and (4), ~5 < Δω τ D < ~20 for the CNCs (Table S1 ). For this reason we are of the opinion that the transverse relaxivity (r 2 ) values for both CNCs samples can be predicted by models assuming that the spin-spin relaxation occurs in the static-dephasing-regime (SDR). 
